Tumours of astroglial origin, both malignant glioblastoma (GBM) and benign subependymal giant cell astrocytoma (SEGA), pose a serious medical problem. Casein kinase 2 (CK2), a member of the serine/threonine kinase family, has antiapoptotic properties and plays a vital role in glial tumour cell survival. It contributes to invasive cell growth and is often upregulated in malignant neoplastic cells; however, its role in benign tumours of astrocytic origin is less understood. In the present study we investigated the effects of small molecule CK2 inhibitors on proliferation and viability of glioma cells in vitro. The experiments were conducted on commercial T98G malignant glioma cell line and the SEGA cell line, derived from a paediatric case of tuberous sclerosis complex (TSC). Cell cultures were incubated with selected CK2 1, 10, 25, 50, 75 and 100 µM concentrations for 24 and 48 hours. Cell proliferation was assessed using a cell counter and cell viability was evaluated by MTT assay. TBB at 75 µM and 100 µM, and TBI starting from 25 µM, both reduced T98G cell proliferation after 24 hours, while DMAT was ineffective. All tested small molecule CK2 inhibitors appear to reduce T98G cell growth and viability after 48 hours, although TBI appeared to be the most effective and reduced cell growth in the 50-100 µM dose range. TBI also showed potential efficacy in reducing the number and viability of SEGA cells after 48 hours. Proliferation and viability of SEGA cells have proven resistant to TBB treatment. DMAT only reduced the viability of SEGA cells at 24 (at 100 µM) and 48 hours (10-100 µM). Importantly, normal human astrocyte cells were found to be moderately resistant to TBB, while their viability was mildly reduced at higher doses of DMAT and TBI. In conclusion, CK2 appears to play a role not only in malignant glioma cells but it can also sustain the viability and proliferation of benign astrocytoma cells. The obtained antitumor effects of CK2 inhibitors significantly exceeded their mild or no effect on normal astrocytes in control, which supports the therapeutic potential of these compounds against gliomas.
Introduction
Glial tumours are the largest group of primary neoplasms of the central nervous system (CNS) and most of them originate from astrocytes. The majori-ty of them are "diffuse" by definition of the current World Health Organization (WHO) classification of tumours of the central nervous system and correspond to grade II-IV of histological malignancy [27] . The so-called "other astroglial tumours" comprise a group of neoplasms well separated from the surrounding tissues, including subependymal giant cell astrocytoma (SEGA). Untreated SEGA tumours are associated with severe complications which can lead to patient death [1] . Thus, it is extremely important to find appropriate methods of treatment, as the surgery of brain tumours in children is associated with a substantial mortality and postoperative neurological deficits [23] .
The latter holds true also for neoplasms with a higher degree of malignancy, including glioblastoma, which is the most malignant brain tumour, accounting for 70% of neoplasms of astrocytic origin in adults. The reason for the low efficacy of anti-cancer treatments may be blood-brain barrier, significant genotypic and phenotypic heterogeneity and the subpopulation of glioma stem-like cells (GSCs), which are at least partially responsible for high resistance to therapy [6] . Current therapeutic strategies, including surgery, radiotherapy, and chemotherapy with temozolomide, have increased the median survival to only 16-18 months, while the addition of lomustine, an alkylating drug, extends the patients survival time to 23.1 months. Unfortunately, only 3-5% of patients with diagnosed gliomas survive more than 3 years [4, 16, 17] . The problem of resistance of malignant glioma to the medical treatment is associated with abnormalities of the intracellular signalling pathways. A number of mutations have been detected in CNS tumour cells, including genes involved in apoptosis and kinase-coding genes that play an important role in vital cellular functions such as viability, differentiation and proliferation. It is believed that tumour progression is related to various intracellular signal transduction pathways that involve the activation of protein kinases [29] , including casein kinase (CK2).
The aim of the study was to assess the antitumor properties of small molecule protein kinase CK2 inhibitors: 2-dimethylamino-4,5,6,7-tetrabromo-1Hbenzimidazole (DMAT), 4,5,6,7-tetrabromo-1H-benzimidazole (TBI) and 4,5,6,7-tetrabromo-1H-benzotriazole (TBB) on the growth and cell viability of the human low and high grade glioma cell lines.
Material and methods Tested chemicals
To study antitumor effects we used the selected CK2 inhibitors ( Fig. 1 ): 4,5,6,7-tetrabromo-1H-benzimidazole (TBI), 2-dimethylamino-4,5,6,7-tetrabromo-1H-benzimidazole (DMAT) and 4,5,6,7-tetrabromo-1H-benzotriazole (TBB). The TBB and TBI were obtained by excessive bromination of 1H-benzimidazole or 1H-benzotriazole as described [2, 38] . DMAT was synthesized according to previously described procedures [32] .
All experiments were performed on cell lines established from human glioblastoma (T98G) cells, SEGA cells and astrocyte cells. The T98G cell line was obtained from the American Type Culture Collection (Manassas, VA, USA). Glioblastoma cells were grown in Eagle's minimum Essential medium (Sigma-Aldrich Chemie GmbH, Munich, Germany), supplemented with 10% foetal bovine serum (Gibco, Invitrogen, Grand Island, NY, USA), 1% penicillin/ streptomycin solution (Gibco Invitrogen), and 1% non-essential amino acids (Sigma-Aldrich Chemie GmbH). Cultures were maintained at 37°C, in a humidified atmosphere, with 95% air/5% CO 2 . The cell line derived from SEGA was kindly provided by Professor K. Kotulska from the Department of Paediatric Neurology, The Children's Memorial Heath Institute, Warsaw, Poland. The SEGA specimen was originally obtained from a patient with tuberous sclerosis complex (TSC), diagnosed clinically accord- ing to the Roach criteria (the study was approved by the Committee of Bioethics of the Children's Memorial Health Institute, with written informed consent of the patient to participate in the study). SEGA-derived cell lines were grown in Dulbecco's modified Eagle's medium (Gibco, Invitrogen), supplemented with 10 % foetal bovine serum (Gibco, Invitrogen) and a 1% solution of penicillin/streptomycin (Gibco, Invitrogen). Cultures were maintained at 37°C, in a humidified atmosphere, with 95% air/5% CO 2 . Human astrocytes, originally obtained from Scien-Cell Research Laboratories (Carlsbad, CA, USA) and were grown in AM Astrocyte Medium (ScienCell), supplemented with 10% foetal bovine serum (Gibco, Invitrogen) and 1% solution of penicillin/streptomycin (Gibco, Invitrogen) separately in dimethyl sulfoxide (DMSO; Sigma-Aldrich Chemie GmbH) and added to the culture medium. T98G cells, SEGA cells and human astrocytes were seeded in 5-or 10-cm culture plates (Nunc™, Thermo Scientific™; Thermo Fisher Scientific, Waltham, MA, USA) and grown in the medium without (control) or with TBI, TBB, DMAT. The final concentrations of tested compounds in the complete growth medium ranged from 0.1 μM to 100 μM. Control cell cultures were treated with an equal volume of solvent (DMSO). The exact amount of DMSO (Sigma-Aldrich Chemie GmbH) added to the control cells was 0.1% (v/v) during cell treatment. The culture medium was replaced daily. The effects of the tested compounds were observed with a Nikon inverted microscope (Nikon, Tokyo, Japan).
Three independent cultures for each group were washed with phosphate-buffered saline (PBS; Sigma-Aldrich Chemie GmbH) and trypsinized; the collected cells were centrifuged (200 × g at 4°C for 5 min). Pellets were resuspended in PBS, and the number of cells per millilitre was determined with a cell counter (Multisizer3, Beckman Coulter, Indianapolis, IN, USA). Each experimental group comprised three independent cultures, and each culture was tested in triplicate.
Metabolic analysis of cell viability
Cell viability was determined with a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT; Sigma-Aldrich, Munich, Germany) colorimetric assay. Briefly, cells were cultured in 96-well plates (Nunc™, ThermoScientific™) with 0.1 μM, 1 μM, 10 μM, 25 μM, 50 μM, 75 μM, 100 μM of tested compounds or DMSO (Sigma-Aldrich Chemie GmbH) in the medium. After 24 and 48 hours, cells were incubated in the culture medium supplemented with MTT at a final concentration of 0.5 mg/ml. In actively metabolizing cells, MTT is converted to formazan, detected as dark blue crystals. Next, the medium was removed, the formazan crystals were dissolved in 200 μl DMSO and the plate was placed on a shaking table for 15 min. Absorbance at 570 nm was measured with a spectrophotometer (Epoch microplate reader; BioTek, Winooski, VT, USA). All measurements were carried out in triplicates.
Statistical analysis
All experiments were repeated at least two times. Results were analysed with one-way analysis of variance, followed by Tukey's test. Results are expressed as the mean ±standard deviation.
Results
Effect of CK2 inhibitors on T98G malignant glioma cell proliferation TBB after 24 hours of incubation showed a statistically significant inhibition of cell growth at concentrations of 75 μM and 100 μM. During this observation period, T98G glioblastoma cells were resistant to DMAT treatment in the concentration range of 10 to 100 μM. After 24 hours of exposure, TBI occurred to be most effective and reduced the number of glioma cells already at a concentration of 25 μM and higher ( Fig. 2A ). After 48 h of treatment, human T98G glioma cells treated with TBI, DMAT, TBB showed a significant, dose-dependent reduction in the total number of neoplastic cells compared to control cultures ( Fig. 2B ).
Morphological evaluation of T98G malignant glioma cell line treated with TBI showed that application of this CK2 inhibitor at concentrations of 10, 25, 50, 75 and 100 μM resulted in a decrease in the cell number ( Fig. 3B , C, D, E, F) compared to untreated cultures (Fig.  3A) . TBI appeared to be more effective after 48 hours, even when applied at a concentration of 50 μM whereas concentrations of 75 μM and 100 μM resulted in advanced reduction in viable neoplastic cells ( Fig. 3D-F ).
Effect of CK2 inhibitors on viability of T98G malignant glioma cells
We performed an MTT metabolism assay and found that CK2 inhibitors reduced the viability of T98G glioma cells in a dose dependent manner ( Fig. 4A, B ). After treatment with TBB, DMAT and TBI, a significant decrease in T98G cell viability after 24 hours was observed ( Fig. 4A ). After 48 hours incubation with TBB and DMAT, the cell viability decreased by an average of 20% at 50 μM. Among the tested compounds, TBI was found to be the most effective and at a concentration of 50-100 μM caused a reduction in the number of cells by about 50-60% within 48 hours ( Fig. 4B ).
Effect of CK2 inhibitors on SEGA cell proliferation
SEGA cells treated with TBB or DMAT at a concentration of 10-100 μM did not show statistically significant changes in the number of cells on subsequent days of incubation compared to the control group. SEGA cells treated with TBI showed a significant reduc- 
Effect of CK2 inhibitors on SEGA cell viability
After 24 h, SEGA cells were resistant to TBB treatment ( Fig. 6A ). DMAT and TBI inhibited the viability of cultured SEGA cells after 24 and 48 hours of exposure ( Fig. 6A, B ). DMAT at concentrations of 0.1-75 μM did not affect cell viability after 24 hours, and only at the highest concentration of 100 μM, a decrease in cell via-bility was observed by more than 10% compared to the control group. After 48 hours, this compound at concentrations of 10-100 μM caused a statistically significant reduction in cell viability by more than 20%. Among the tested compounds, TBI was found to be the most effective and at concentrations of 25 and 100 μM induced a decrease in cell viability by about 50-82% of cells within 48 h of treatment (Fig. 6B ).
Effect of CK2 inhibitors on viability normal human astrocyte cells
Normal human astrocyte cells were moderately resistant to TBB treatment at concentrations of Only at a concentration of 50 μM and 100 μM, DMAT caused a statistically significant, more than 15% reduction in viability of human astrocyte after 24 and 48 hours, compared to the control group (Fig. 7A, B ). TBI at a concentration of 0.1 μM, 1 μM, 10 μM and 25 μM did not affect the viability of human astrocytes cells after 24 and 48 hours of incubation. Only at a concentration of 75 μM and 100 μM after 24 hours of incubation with TBI there was a decrease in cell viability ( Fig. 7A ), whereas after 48 hours a decrease in viability was observed at 50 μM, 75 μM and 100 μM of the tested compounds ( Fig. 7B ).
Discussion
The current studies show that CK2 inhibitors affect the proliferation and viability of cultured cells of both, human low-grade SEGA and high-grade glioblastoma. For both investigated tumours, despite differences in malignancy and clinical prognosis, there is no effective therapy. SEGA tumours are diagnosed in up to 20% of patients with tuberous sclerosis complex (TSC) [15, 25, 37] , caused by a mutation of the TSC1 or the TSC2 genes [11] . Theories regarding the mechanism of creating SEGA nodules are still a matter of debate. It is rather unlikely that a mutation in the TSC1 or TSC2 gene alone would be responsible for their formation, especially since patients with SEGA without clinical symptoms associated with TSC have been reported [3] . Other studies indicate that posttranslational inactivation of the TSC1/TSC2 complex is formed by activating the AKT kinase, which can directly phosphorylate the tuberine, and as a result, deactivates TSC2. This mechanism is probably responsible for the activation of S6K by AKT [24] . Other published studies have shown that many genes including ANXA1, GPNMB, LTF, RND3, NPTX1 may be potentially involved in the development of SEGA tumours [36] . It has been found that the mammalian target of rapamycin (mTOR) is associated with the development of the disease and may be expected to play a major role in tumour progression [18] . mTOR activation may be indicated by the increased Akt phosphorylation, high levels of phospho-S6K, phospho-S6 and phospho-STAT3 in the neoplastic astroglial cells. Recent clinical studies have shown that mTOR inhibitors may cause regression of SEGA associated with TSC and thus may become an alternative option to surgical treatment for patients not qualified for surgery [19] . However, application of mTOR inhibitors is related with adverse side effects and tumour regrows a few months after withdrawal of the inhibitor [30] . Since both surgical methods and targeted therapies for the mTOR pathway do not effectively reduce the SEGA recurrence, it is advisable to seek an alternative therapeutic strategy.
Also, in the cases of malignant glioma, there is no effective therapy to offer. Only 3-5% of patients with diagnosed glioma survive for over 3 years and neurosurgery, radiotherapy and chemotherapy can only slightly increase the median of survival [4, 16, 17] . The prognosis for patients with GBM depends on the status of the IDH gene. Therefore, GBM is currently defined molecularly by mutations of genes coding isocitrate dehydrogenase 1 or 2 (IDH1/2) [12, 21] . Primary, IDH wild-type GBM appears de novo and is associated with worse prognosis than IDH-mutant GBM developing from malignant transformation of the lower grade astrocytomas [27] . Nevertheless, regardless of molecular changes, GBM is associated with a very unfavourable prognosis and requires the search for new therapeutic approaches.
The results of the currently conducted studies are consistent with the belief that the progression of gliomas is associated with the activation of intracellular signalling mechanisms, including casein kinase II (CK2) pathways. CK2 is a hetero tetrameric and constitutively active serine-threonine kinase, composed of two catalytic (α and/or α') and two β regulatory subunits. The role of CK2 in many pathologies is well known [9, 10] . In particular, it is implicated in cardiovascular pathology, cerebral hypoxia, and neurodegeneration, including Alzheimer's disease [8] . CK2 also contributes to the development of tumour, neoplastic cell proliferation and suppression of apoptosis, and it is overexpressed in various types of cancers, including human glioblastoma [7, 13, 14, 33] . Studies have shown that an abnormally elevated CK2 level is required for tumour progression due to its role in the regulation of almost all the processes essential for cancer development, including suppression of apoptosis. A large number of CK2 inhibitors are available, most of which belong to the class I of kinase inhibitors, i.e., compounds capable of directly targeting to an ATP-binding site. Benzimidazoles, coumarins and pyrazolotriazines are the most numerous families of CK2 inhibitors [10] . The inhibition of protein kinases, and in particular CK2 kinase, as specific molecular targets in anti-cancer therapy, has become one of the most promising therapeutic approaches to retard the growth and proliferation of various tumours. Protein kinase inhibitors have demonstrated significant anti-tumour activity [26] .
One of the presently tested CK2 inhibitors, 4,5,6,7-tetrabromo-1H-benzotriazole (TBB), was created based on the structure of a known CK2 inhibitor, 5,6-dichlorobenzimidazole ribofuranoside [13] . TBB has been demonstrated as a quite selective and effective ATP site-directed inhibitor of protein kinase II with a low Ki value (Ki = 0.4 μM). It fills the hydrophobic pocket that is present in all protein kinases but whose size in CK2 is perfectly fitting to the inhibitor molecule. Previous investigations have shown that in parallel to CK2 inhibition, TBB induces time-and dose-dependent cell death through apoptosis, suggesting that CK2 could actually counteract the programmed cell death [2, 5, 34] . Other studies showed that TBB led to a decrease in PTEN and Akt phosphorylation and was associated with the induction of apoptosis in human stromal cells in chronic lym-phocytic leukemia (CLL) [35] . Our research has documented that TBB at 0.1 μM and 10 μM concentration after 24 hours of incubation did not significantly reduce T98G cell viability. However, a significant reduction in cell viability was noted at higher concentrations, especially at 50 μM, 75 μM and 100 μM. Also SEGA cells and human astrocytes treated with TBB at various concentrations and incubation times, did not show reduction in cell proliferation and survival, with the exception of decreased SEGA viability at a concentration of 100 μM after 48 hours. A slight cytotoxic effect of TBB was also obtained in other studies which showed that after 24-hour incubation with TBB at concentrations of 25 μM and 50 μM, the viability of the T98G cell decreased by about 10%, while the decrease in viability of LN229 astrocytoma cells was 15% [20] . On the other hand, C6 show rat glioma cells are not susceptible to TBB [20] . TBB showed selectivity for CK2 in the panel of 30 kinases; however, there were also other kinases to some extent sensitive to the inhibitor, including DYRK1a kinase. To improve the selectivity of CK2 inhibitors using the TBB backbone as a scaffold, two next generation derivatives, 2-dimethylamino-4,5,6,7-tetrabromo-1H-benzimidazole (DMAT) and 4,5,6,7-tetrabromo-1H-benzimidazole (TBI or TBBz) were developed [13] .
The second CK2 inhibitor tested in this work is 2-dimethylamino-4,5,6,7-tetrabromo-1H-benzimidazole (DMAT) which exceeds TBB with several aspects. DMAT is characterized by a high affinity and selectivity towards CK2 and has the lowest Ki kinetic value among CK2 inhibitors (Ki = 0.040 μM). DMAT does not inhibit CK1 kinase at concentrations up to 200 μM, easily penetrates into cells, and is several times more effective in vitro than TBB, both in terms of endogenous CK2 inhibition and apoptosis induction [31] .
DMAT showed no significant effect on T98G cell proliferation over the concentration range of 10 μM to 100 μM after 24 hours of incubation. However, when the incubation time was extended to 48 hours, a statistically significant decrease in cell growth was achieved at DMAT concentrations higher than 10 μM. Moreover, DMAT reduced the viability of T98G cells after 24 and 48 hours incubation. Studies of other authors on LN229 glioma cells line, showed a decrease in cell viability by approximately 21% in the range of 10-50 μM after 24 hours of incubation [20] . 24-hour exposure of SEGA cells to DMAT at a concentration of 100 μM DMAT caused a decrease in the viability of SEGA cells by more than 15%. Extension of the incubation time to 48 hours resulted in a further reduction in cell viability. DMAT also reduced viability of astrocytes at concentrations of 50-100 μM after 24 and 48 hours. Other reports also indicate a positive effect of DMAT on various tumour cell lines. DMAT at a concentration of 10 μM caused apoptosis in 20% of human acute myeloid leukemia (KG-1) cells after 24 and 48 hours of incubation [22] . DMAT, applied in combination with the pentabromobenzylisothiouronium bromides had a synergistic pro-apoptotic effect; the most potent synergistic effect was especially induced by combination with ZKK-13 after 48 hours of incubation [22] . On the other hand, the viability and proliferation of HeLa cells decreased by about 20% after 24 and 48 hours of incubation with 10 μM DMAT [28] . A significant inhibitory effect on the viability of human adrenocortical cancer cell line (H295R) has been documented after 72 hours' incubation with DMAT at concentrations from 10 -4 to 10 -10 M, whereas a strong inhibitory effect on proliferation was obtained after 72 hours of incubation only at concentrations of 10 -4 and 10 -5 M [26] . In addition, studies have shown that DMAT clearly activates caspases 3, 7, 8 in the T98G line, whereas in the cells of rat glioma C6, DMAT at the concentration of 50 μM activates caspases 3 and 7 and causes PARP protein breakdown after 30-hour incubation, which confirms the induction of cell death via apoptosis [20] . The highest antiproliferative activity among the tested CK2 inhibitors was demonstrated by TBI. In T98G cells after incubation with TBI at concentrations of 25-100 μM, statistically significant changes in cell viability were observed after 24 and 48 hours. The cytotoxic effect of TBI was also documented in other studies. After 24-hour incubation, TBI showed a reduction in cell viability when compared to the control also in rat glioma C6 cells [20] .
In this present study, the effect of TBI on the growth and viability of SEGA cells showed a 10-19% decrease in cell viability after 24 hours of incubation in the range of 25-75 μM. At the incubation time of 48 hours and TBI concentration range of 50-100 μM, the viability was below 55%. This compound showed a higher cytotoxic activity towards SEGA cells after 48 hours than towards T98G cells.
Interestingly, in the experiments with human astrocytes, it was found that TBI had no effect on astrocytes up to 50 μM concentration after 24 hours of incubation, however after 48 hours of incubation at the concentration of 50 μM, the astrocyte viability decreased by about 19%, whereas at the concentration of 75-100 μM, the viability decreased by more than 35%. Similar results were obtained in other studies on non-transformed astrocytes, in which no effect of 1-50 μM TBI on cell viability was documented after 24 hours of incubation, while there was a 20% decrease in their viability at 50 μM TBI after 48 hours [20] .
Conclusions
In conclusion, our studies revealed that structurally related protein kinase CK2 inhibitors have unique biological properties in glioma cells. Some of these compounds administered at medium doses, showed a distinctively robust antitumor effect, having no impact on normal astrocytes, what speaks for the therapeutic potential of these CK2 inhibitors against glioma cells.
